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Membrane proteinRhomboids comprise a family of intramembrane serine proteases that catalyze the cleavage of trans-
membrane segments within the lipid membrane to achieve a wide range of biological functions. A subset of
bacterial rhomboids possesses an N-terminal cytosolic domain that appears to enhance proteolytic activity
via an unknown mechanism. Structural analysis of a full-length rhomboid would provide new insights into
this mechanism, an objective that solution NMR has the potential to realize. For this purpose we puriﬁed the
rhomboid from Pseudomonas aeruginosa in a range of membrane-mimetic media, evaluated its functional
status in vitro and investigated the NMR spectroscopic properties of these samples. In general, NMR signals
could only be observed from the cytosolic domain, and only in detergents that did not support rhomboid
activity. In contrast, media that supported rhomboid function did not show these resonances, suggesting an
association between the cytosolic domain and the protein–detergent complex. Investigations into the ability
of the isolated cytosolic domain to bind detergent micelles revealed a denaturing interaction, whereas no
interaction occurred with micelles that supported rhomboid activity. The cytosolic domain also did not show
any tendency to interact with lipid bilayers found in small bicelles or vesicles made from Escherichia coli
phospholipid extracts. Based on these data we propose that the cytosolic domain does not interact with the
lipid membrane, but instead enhances rhomboid activity through interactions with some other part of the
rhomboid, such as the catalytic core domain.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Rhomboids are polytopic integral membrane serine proteases that
cleave transmembrane target sequences embedded in the lipid
bilayer. First identiﬁed in Drosophila as the protease responsible for
release of membrane-bound growth factors in the activation of EGFR
signaling [1,2], members from this protein family have since been
found to be widely distributed in all classes of life. Aside from this role
in cell signaling, functions for other members of the rhomboid familyptor; NMR, nuclear magnetic
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ll rights reserved.have also been described and include regulation of mitochondrial
membrane remodeling [3-5], activation of protein translocation in
bacteria [6], host invasion by the malaria parasite and related
intracellular parasites [7-9] and immune system evasion by parasitic
ameba [10].
The proteolytic activity responsible for this diverse range of
functions is achieved by a core domain composed of six transmem-
brane (TM) segments [1,11]. As revealed by a series of crystal
structures of this core domain from the GlpG rhomboid from Escher-
ichia coli [12-16] and Haemophilus inﬂuenza [17], ﬁve TM segments
surround a shorter TM helix that terminates in a water-ﬁlled cavity.
The mechanism of catalysis, as well as the observed tendency for
cleavage at the extracellular side of the TM segment, appears to be
well explained by the presence of a histidine-activated serine residue
located in the hydrophilic cavity ∼10 Å below the anticipated surface
of the bilayer. It has since been shown that active site residues are
highly water-accessible [18] supporting the idea that the N-terminal
side of the substrate TM segment may emerge from the lipid bilayer,
destabilizing its helical structure and providing access to the peptide
backbone for hydrolysis [11,14,19], an event that would likely involve
conformational changes in the loops of the rhomboid [13,14].
In addition to the core domain, many rhomboids also possess
aqueous domains of various sizes at the N- and/or C-termini, the
2445A.R. Sherratt et al. / Biochimica et Biophysica Acta 1788 (2009) 2444–2453sequences of which tend to be rhomboid-type speciﬁc [20]. The
functional role of these domains is generally not well understood,
although it is thought that they may be involved in regulation of
rhomboid activity or speciﬁcity. This idea has been substantiated by
studies on the human rhomboid RHBDL2 that showed signiﬁcantly
reduced proteolytic functionwhen its N-terminal cytoplasmic domain
was deleted [21]. The E. coli GlpG (ecGlpG) rhomboid also contains an
N-terminal cytosolic domain of similar size outside of the core domain
structure. Deletion of the ecGlpG cytosolic domain reduces the ability
of the core domain to hydrolyze a non-native water-soluble substrate
analogue [15], suggesting that this domain normally functions to
promote ecGlpG activity.
The mechanism by which the cytosolic domain modulates
catalysis within the membrane-embedded active site is currently
unknown. However, a potential clue was provided by the observation
of detergent micelle-binding properties for an isolated cytosolic
domain from a homologous rhomboid in Pseudomonas aeruginosa
[22]. This led to the proposal that in the full-length protein this
domain interacts speciﬁcally with the bilayer surface to help position
the active site at a ﬁxed point relative to the membrane surface.
However, it is not yet known if the observed detergent-binding
properties of this domain accurately reﬂect a native interaction
between this domain and the surface of the lipid bilayer.
In order to gain more insight into the functional role of the GlpG
cytosolic domain in the regulation of proteolytic activity, we have
sought to develop a bacterial rhomboid sample possessing a cytosolic
domain that might be accessible to analysis by solution NMR. Our
studies have focused on a rhomboid from P. aeruginosa (paGlpG) that
is homologous to ecGlpG (Fig. 1), for which a solution NMR structure
of the cytosolic domain (CytD) is available [22]. In this work we
evaluate the in vitro function of paGlpG in a number of differentFig. 1. Comparison of sequences from the two rhomboids for which core catalytic domain
rhomboid sequence. Top, core catalytic membrane domains from the three rhomboid sequen
PA and EC rhomboids. Identical residues are highlighted in orange and homologous residues
the E. coli and H. inﬂuenza sequences that were found to be α-helical in the x-ray crystal struc
structure [17] indicated with dashed extensions of helices 5 and 6. The catalytic His-Ser dyad
also shown above the CytD sequence, with the secondary structure prediction from Jpred [
shown below with side chains displayed for conserved residues that are also identical (oradetergents. These same samples were also examined by solution NMR
to determine the extent of CytD association with the detergent–
protein complex. In a separate set of experiments on the isolated CytD,
the intrinsic ability of this domain to interact with these detergents
was similarly probed. Overall, the results from this work indicate that
while the CytD is important for paGlpG activity against transmem-
brane substrates, this domain does not act through an interactionwith
the membrane, and is likely interacting with some part of the core
catalytic domain that has yet to be identiﬁed.2. Materials and methods
2.1. Plasmids
A C-terminally hexahistadine (His6) tagged version of the P.
aeruginosa rhomboid PA3086 (paGlpG) in a pET25b vector [23] was
kindly provided by Dr. Christopher Koth's group in the Ontario Centre
for Structural Genomics at the University of Toronto. This plasmidwas
also used to construct expression vectors containing the paGlpG
cytosolic domain (CytD, residues 1–88) or C-terminal transmembrane
domain (TMD, residues 84–286), both with C-terminal His6-tags
separated from the rhomboid sequence with a TEV protease cleavage
site, using primers synthesized by Integrated DNA Technologies, Inc. A
plasmid encoding a fusion protein to the Spitz TM segment (SpitzTM)
with an N-terminal β-lactamase domain (Bla) and C-terminal His-
tagged maltose binding protein (Bla-SpitzTM-MBP) [24] was gener-
ously provided by the Akiyama group in the Institute for Virus
Research at Kyoto University. Conveniently, the E. coli rhomboid does
not cleave this substrate in vivo, circumventing any requirement to
use GlpG knockout strains to express this substrate. All constructscrystal structures are available (EC, E. coli; HI, H. inﬂuenza) with the P. aeruginosa (PA)
ces were aligned in Clustal W [50] and combined with the alignment for the CytD from
in yellow (i.e., all hydrophobic, all aromatic, all polar or all small (Ala/Ser/Gly)). Parts of
tures are indicated above the sequence with the longer helices found in the H. inﬂuenza
residues are indicated with stars. Secondary structure elements in the CytD structure are
51] for the EC sequence shown below. Bottom, two views of the PA CytD structure are
nge) or homologous (yellow) between the EC and PA sequences.
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Innovation Centre at the Ottawa Health Research Institute.
2.2. Expression
Expression vectors encoding the CytD, TMD or full-length paGlpG
rhomboid were transformed into E. coli BL21(DE3) and grown at
37 °C in M9 minimal media with 100 μg/mL ampicillin containing
0.1% (w/v) 15N-labeled ammonium chloride and 0.3% (w/v) glucose
(U-13C for the CytD) as the sole nitrogen and carbon sources,
respectively. For TMD or full-length paGlpG, when the optical
density of the culture at 600 nm reached 0.5–0.7 the temperature
was reduced from 37 °C to 16 °C and expression was induced with
1 mM isopropyl B-D-thiogalactopyranoside and allowed to proceed
for 16–20 h. In the case of the CytD induction was carried out at
37 °C for 4 h. Bla-SpitzTM-MBP expression was done using the same
protocol, except LB medium containing 50 μg/mL spectinomycin was
used instead of minimal media with ampicillin and expression was
carried out at 37 °C for 2 h.
2.3. Puriﬁcation of detergent-solubilized membrane protein samples
All constructs containing a membrane-associated domain (i.e.,
paGlpG, TMD and Bla-SpitzTM-MBP) were puriﬁed using a modiﬁed
version of previously published protocols for ecGlpG [23]. Brieﬂy, the
bacterial pellet from a 1 L culture was resuspended in 20 mL of 20 mM
HEPES buffer (pH 7.3) containing 100 mM NaCl, 5 mM MgCl2, 10%
glycerol and 0.5 mM benzamidine. Cells were lysed either by
sonication, or by two passages through an Avestin homogenizer at
25 kpsi (since we found that rhomboid activity in full-length and TMD
paGlpG was not affected by the method of lysis) and centrifuged at
50,000×g for 1 h. The insoluble fraction was resuspended for 1 h in
50 mM HEPES buffer, pH 7.3, containing 1% (w/v) detergent (either
dodecyl maltoside (DDM), dodecylphosphocholine (DPC), 1-myris-
toyl-2-hydroxy-sn-glycero-3-phosphocholine (LMPC) or 1-palmitoyl-
2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG)) or 2%
(w/v) n-nonyl-β-D-glucoside (NG), 200 mM NaCl, 1 mM MgCl2,
1 mM CaCl2, 10% glycerol, 5 mM imidazole and 0.5 mM benzamidine
and then centrifuged at 50,000×g for 30 min. (Note that a higher NG
concentration was used as was done for previous puriﬁcations with
this detergent for ecGlpG [16], since severe sample precipitation was
observed with lower NG concentrations.) The supernatant containing
detergent-solubilized protein was applied to a nickel afﬁnity column
equilibrated in the same buffer without detergent. The column was
washed in 50 mM HEPES buffer, pH 7.3, containing 0.1% detergent,
500 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 10% (v/v) glycerol and
30 mM imidazole. A second wash of 50 mM HEPES buffer, pH 7.3,
containing 0.1% (w/v) detergent, 200 mM NaCl and 30 mM imidazole
was performed prior to elution in the same buffer supplemented with
0.2% (w/v) detergent (0.4% in the case of NG) and 250 mM imidazole.
Elution fractions were concentrated using a 30 kDa molecular weight
cut off (MWCO) ultraﬁltration device (Amicon Ultra) for samples to
undergo FPLC puriﬁcation or a 50 kDa MWCO unit (Pall Macrosep/
Microsep) for samples to be used for NMR experiments. Samples to be
used for the activity assay were then applied to a Superdex-200 size
exclusion column using an AKTA FPLC (GE Healthcare) equilibrated in
50 mM HEPES buffer (pH 7.3) containing 0.2% (w/v) detergent,
100 mM NaCl, 0.5 mM benzamidine and 0.1 mM EDTA. Fractions of
the main peak were then directly used in the protease activity assay.
2.4. Transfer of puriﬁed paGlpG or Bla-SpitzTM-MBP into bicelle solutions
Samples were puriﬁed using DDM as described above, and the
2 mL fraction containing the highest concentration of pure protein
(typically ∼20–30 μM) was rapidly diluted into 50 mL of a 2% (w/v,
total lipid) 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihex-anoyl-sn-glycero-3-phosphocholine (DMPC/DHPC) bicelle solution
with a DMPC:DHPC molar ratio (q) of 0.44 (i.e., 26.6 mM DHPC and
11.7 mM DMPC) or a 2% DMPC/CHAPS solution with q=0.5 (i.e.,
21.0 mM CHAPS and 10.5 mM DMPC) in 50 mM HEPES buffer, pH 7.3,
and 100mMNaCl. Thiswas applied to aNi-NTA column equilibrated in
the same buffer with no bicelles and eluted in 50mMHEPES buffer, pH
7.3, 100 mM NaCl, 2% (w/v) bicelles, 250 mM imidazole and 0.2 mM
benzamidine. The 1 mL elution fraction that contained the highest
concentration of paGlpG or Bla-SpitzTM-MBP was used directly in the
activity assay or all elution fractions were combined and concentrated
for analysis by NMR spectroscopy (DHPC bicelle sample only).
2.5. Cytosolic domain puriﬁcation
The bacterial pellet from a 1 L culture was resuspended in 20 mM
HEPES, pH 7.3, 200mMNaCl, 1× EDTA-free protease inhibitor cocktail
(Roche) and 10 mM imidazole and lysed by sonication. The
supernatant was applied to a Ni-NTA column equilibrated in the
same buffer and the column was washed with this same buffer
supplemented with 30 mM imidazole before the CytD construct was
eluted with 250 mM imidazole. Following concentration with a 5 kDa
MWCO Amicon Ultra centrifugal ﬁlter the CytD was further puriﬁed
on a Superdex-75 size exclusion column in 50 mM HEPES buffer, pH
7.3, 200 mM NaCl, 0.5 mM benzamidine and 0.1 mM EDTA. Maldi-MS
was performed on puriﬁed samples by the Protein Function Discovery
Facility at Queen's University and found to correspond to the expected
molecular mass of the CytD construct, with approximately 60–70% of
the sample missing the N-terminal Met.
2.6. NMR spectroscopy
All NMR spectra were recorded at the University of Ottawa NMR
Facility on a Varian Inova 500 spectrometer equipped with a triple
resonance probe and pulsed ﬁeld gradient unit. 2D 1H-15N HSQC
spectra were recorded at 15–30 °C and data were processed by
NMRPipe [25] and analyzed with NMRView [26]. Concentrations of
paGlpG were ∼360–440 μM, with purity N90% determined by
Coomassie-stained SDS–PAGE. Backbone 15N and 1HN chemical shift
assignments for the CytD domain in 25 mM phosphate buffer, pH 6.5,
25 mMNaCl and 0.1 mM EDTAwere made on a 1 mM 15N, 13C-labeled
sample at 25 °C using standard triple resonance techniques [27] based
on HNCACB, CBCA(CO)NH and HNCO experiments. The sample was
then transferred into a 50 mM HEPES solution, pH 7.3, with 200 mM
NaCl, 0.5 mM benzamidine and 0.1 mM EDTA and assignments were
transferred from the low pH spectrum with the aid of an additional
HNCACB spectrum recorded at 15 °C.
2.7. In vitro protease activity assay
Proteolytic activity was assessed using an assay based on a
previously described protocol using Bla-SpitzTM-MBP as the substrate
[24], puriﬁed under identical conditions to those used for each
rhomboid sample. Brieﬂy, 6 μM paGlpG or TMD was mixed with 1 μM
Bla-SpitzTM-MBP in the same buffer as was used for FPLC puriﬁcation.
Aliquots were taken at time T=0 h and T=16 h andmixedwith SDS–
PAGE sample loading buffer. The amount of Bla-SpitzTM-MBP
remaining after incubation was assessed by Coomassie-stained SDS–
PAGE by integrating protein band intensities and subtracting any non-
speciﬁc intensity reductions detected in control reactions performed
in the absence of rhomboid using the general image processing
program ImageJ (available at http://rsb.info.nih.gov/ij/index.html).
2.8. Cytosolic domain titration experiments
1H-15N HSQC spectra of ∼175 μM solutions of 15N-labeled CytD in
50 mM HEPES buffer (pH 7.3) with 200 mM NaCl, 10% (v/v) D2O, at
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CHAPS or DHPC at a range of concentrations (typically 2–10 mM).
Samples (∼400 μM) of the CytD were also added directly to high
concentrations of detergents (typically 250 mM) in the same buffer
and found to give spectra that were identical to those acquired at
endpoints of detergent-into-protein titrations. Peak intensities were
monitored using the nlinLS module in nmrPipe. For the DPC and LPPG
titrations, changes in peak intensities could only be monitored in the
earlier stages of the titration. DHPC/DMPC (2%, w/v) (q=0.44) or
CHAPS/DMPC (q=0.5) bicelles were also added to CytD samples in
the same buffer and changes in peak positions were determined in
NMRView. Assignment of spectra recorded in the presence of bicelles
was facilitated by following the smaller changes in peak positions that
occurred during titrations of 2–10 mM bicelle solutions into a CytD
sample. There was no signiﬁcant difference in the average chemical
shifts between the 10 mM and 40 mM bicelle samples, indicating that
the sample was already close to, or at, saturation at 10 mM bicelle
concentrations. Average amide chemical shifts (Δδ) were calculated
according to Δδ=√(ΔδHN)2+(ΔδN/5)2, where ΔδHN and ΔδN are the
amide proton and nitrogen chemical shift differences, respectively.
HSQC spectra were also recorded at 37 °C in the presence and
absence of 2% (w/v) vesicles prepared from E. coli total lipid extracts
(Avanti Polar Lipids) using established protocols [28]. Brieﬂy, a
25 mg/mL stock solution in chloroform was transferred into a glass
test tube and the chloroform was removed under a dry argon stream.
The lipid ﬁlm was resuspended in 50 mM HEPES buffer, pH 7.3,
200mMNaCl and 0.1 mM EDTA and vortexed tomake a suspension of
large unilamellar vesicles. These were then sonicated with a probe
sonicator at 20% power, 15 times for 2 s, creating an optically clear
solution, and centrifuged to remove particulate matter.
3. Results
3.1. paGlpG puriﬁcation
In order to probe the ability of relatively ‘NMR-friendly’ detergents
to be used in the isolation of the paGlpG rhomboid, bacterial
membranes containing overexpressed paGlpG were solubilized and
subjected to puriﬁcation in a range of detergent solvents. These
included detergents that have previously been used for solution NMR
of transmembrane domains from helical membrane proteins (namely
DPC, LMPG and LPPG), and detergents known to support rhomboid
activity in vitro (DDM and NG) [15,23,24,29]. Yields were generally
similar for all detergents, with ∼2 mg of N90% pure paGlpG beingFig. 2. (A) Region of the Coomassie-stained SDS–PAGE gel showing the Bla-SpitzTM-MBP su
+paGlpG) and absence (Spitz) of 6 μM paGlpG in 0.2% (w/v) of the indicated detergent (exce
for just the TMD from paGlpG puriﬁed in DDM. (B) Average reduction in Bla-SpitzTM-MB
observed standard deviation obtained from three different puriﬁcations in a single dete
degradation containing MBP and part of the Spitz TM segment (SpitzTM-MBP).typically isolated from 1 L of minimal media after nickel afﬁnity
chromatography (see Supplementary Material for gels of puriﬁed
samples). However in the case of puriﬁcations done with NG, which
was the detergent used to produce a number of crystal structures of
the ecGlpG transmembrane domain, precipitation reproducibly
occurred after this step. Consequently it was not possible to concen-
trate the NG sample for NMR analysis, although concentrations
required for activity assays could bemaintainedunder these conditions.
3.2. Rhomboid activity
In order to compare the functional status of paGlpG in these
different detergent solvents, the proteolytic activity of each samplewas
tested in vitro using Bla-SpitzTM-MBP [24], a fusion protein containing
the Spitz TMsegment fused to globular proteins at theN- andC-termini
(beta-lactamase and maltose binding protein, respectively). The Spitz
TM segment has previously been shown to be cleaved by paGlpG, and
since it is not a substrate for E. coli GlpG [24,29], it was possible to
express and purify it under the same range of detergent conditions that
were used for paGlpG. As shown in Fig. 2, paGlpG puriﬁed in either
DDMorNG caused a decrease in intensity of the band corresponding to
puriﬁed Bla-SpitzTM-MBP in Coomassie-stained gels. This change was
largest for paGlpG in DDM, with a 77% reduction in band intensity,
whereas the NG-solubilized rhomboid showed a smaller decrease of
45%. This reduction in intensity could be correlated with the
appearance of a band corresponding to the size of the C-terminal
fragment that would be expected to arise if cleavage were to occur in
the Spitz TM segment. No proteolysis was detected if the sampleswere
also incubated with DCI, an inhibitor shown to be relatively speciﬁc for
rhomboid proteases [29,30] or if nickel afﬁnity puriﬁed lysates from
non-transformed bacteria were used instead of puriﬁed paGlpG.
In contrast with the activities obtained in the non-ionic detergents
DDM and NG, signiﬁcantly lower activities were found for paGlpG in
the ionic or zwitterionic detergents tested. Based on Bla-SpitzTM-MBP
band intensity reductions for assays run under identical conditions,
paGlpG appeared to be ∼4-times less active in LPPG, and ∼10-times
less active in LMPC compared to its activity in DDM.Moreover, DPC did
not support any rhomboid-speciﬁc proteolytic activity indicating that
these detergents likely exert a detrimental effect on paGlpG structure.
Since small DMPC-based bicelles can stabilize helical membrane
proteins [31], and are also compatible with solution NMR studies
[32,33], paGlpGwas transferred fromDDMmicelles into small bicelles
formed by DMPC and DHPC or CHAPS. Bicelle size is determined in
part by the molar ratio of DMPC to short chain lipid or bile saltbstrate band before (0 h) and after (16 h) incubation at 37 °C in the presence (Spitz
pt for NG, which was run in 0.4%), or 2% (w/v) bicelles. The last row shows assay results
P band intensity determined from assay gels. The error bars represent the maximum
rgent. (C) Portion of the Coomassie-stained gel showing the C-terminal product of
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used in solution NMR studies of membrane proteins with multiple TM
helices [34-37]. However, it was shown for the 7-TM segment
bacterial protein opsin that higher q ratios are required to stabilize
this protein, with values of 0.4–0.6 being the minimum required to
observe a signiﬁcant effect for 2% (w/v) bicelle solutions [31].
Therefore we chose to test DMPC-based bicelles with q=0.50 for
CHAPS and q=0.44 for DHPC. A rapid dilution technique previously
used to transfer opsin [31] and the 3-TM helix trimer diacylglycerol
kinase [38] was employed in this case, with nickel chromatography
being used to complete the exchange into bicelles and reconcentrate
the sample. Puriﬁed Bla-SpitzTM-MBP in DDM was also subjected to
this same bicelle transfer procedure.
The activity of paGlpG transferred into either CHAPS/DMPC or
DHPC/DMPC bicelles was similar to that obtained in NG, although this
was approximately 40–50% of the activity obtained in DDM. The
ability of these bicelles to support higher proteolytic activity than that
obtained in lysolipids suggests that the bicelles provided a more
native-like environment for the rhomboid. In addition, since the
mobility of the DMPC phase is lower than detergent mobility in
micelles [39,40], transfer of the Spitz substrate into a rhomboid-
containing bicelle may have been slower than the analogous transfer
in detergent micelles, raising the possibility that the true activity of
bicelle-bound paGlpG could be higher than shown in this assay.
In addition to these studies on the full-length protein, we evaluated
the activity of a truncated form of paGlpG containing only the catalytic
transmembrane domain (TMD, residues 84–288) in DDM since the
inﬂuence of the CytD on proteolytic activity against transmembrane
substrates has not been investigated. As shown in Fig. 2, the TMD
shows a ∼70% reduction in activity relative to the full-length
construct, demonstrating that the full-length rhomboid requires the
CytD for maximal activity against transmembrane substrates.
3.3. NMR spectroscopy of detergent-solubilized paGlpG
To determine whether the CytD was strongly associated with the
detergent–micelle complex in the range of solubilizing detergents
tested, 2D 1H-15N HSQC NMR spectra were acquired for the full-length
paGlpG. Since the size of the rhomboid construct used in our study
was 32.4 kDa, and the micelle could be expected to add 20 kDa or
more to the complex size (Table 1), signiﬁcant line-broadening in the
NMR spectrum should be observed so long as all parts of the complex
tumble as a single entity. However, any part of the protein that is not
strongly associated with the detergent–protein complex will undergo
faster rotational diffusion, and should give rise to more intense and
narrow peaks in the NMR spectrum. As shown in Fig. 3, this appeared
to be the case when the three detergents that produced the least
active forms of paGlpG were used (i.e., DPC, LMPC and LPPG).
Approximately one quarter of the expected number of backbone
amide correlations could be observed in these samples. Comparison of
these spectra to a spectrum acquired for the isolated CytD obtained
under the same conditions in the absence of detergent demonstrated
that almost all signals observed in the presence of DPC, LMPC or LPPGTable 1
Detergent physical properties.
Detergent MW
(Da)
CMC
(mM)
Aggregation
number
∼MWmicelle
(kDa)
Reference
DDM 511 0.1 78–149 58 ACa
NG 306 6 — — [46]
DPC 351 1.5 54 19 ACa
LMPC 468 0.07 122 57 [47,48]
LPPG 507 0.02 125 63 [47,49]
DHPC 453 14 19 16 [49]
CHAPS 615 8 10 6 [47]
a Anatrace catalogue (2009–2010).could be attributed to this domain. For example, the HSQC spectrum of
the isolated CytD in aqueous buffer was virtually superimposable with
that from the full-length rhomboid in LMPC (Fig. 4). The strong signals
observed for the CytD in these detergents, along with the very high
degree of similarity in amide chemical shifts for all of these samples,
demonstrate that this domain is partly (DPC, LPPG) or almost
completely (LMPC) dissociated from the bulk of the detergent–
protein complex in these functionally compromised samples.
NMR spectra were also acquired on samples that showed a high
degree of functionality; however, very few peaks were observed in
these cases (e.g., DDM Fig. 3A). Similarly, very few peaks were
observed in spectra of the core catalytic domain lacking the cytosolic
domain (data not shown), as would be expected for a detergent–
protein complex exceeding 50 kDa in size. In fact, the approximate
size of all protein–micelle complexes formed with paGlpG in this
study were at least 100 kDa or larger as determined by size exclusion
chromatography (Supplemental Fig. S2). Therefore the absence of
signals from the CytD in DDMor in small bicelles is consistentwith the
possibility that the CytD remains associated with the large detergent–
protein complex in these functional samples, imparting the same
NMR spectroscopic properties to the CytD that prevents visualization
of signals from the core domain.
3.4. Investigation of the detergent-binding properties of the isolated
cytosolic domain
Since NMR spectra of full-length rhomboid samples suggested that
the CytD was associated with the detergent–micelle complex for
functional samples, we were interested to see to what extent this
could be attributed to direct interactions between the detergent and
CytD. For this purpose, 15N-labeled samples of CytDwere titrated with
detergents that supported high (DDM), or low (DPC, LPPG), rhomboid
activity, and monitored by 1H-15N HSQCs under conditions similar to
those used for NMR spectroscopy of the full-length protein.
As shown in Fig. 5A, there was a signiﬁcant reduction in peak
intensity upon addition of increasing concentrations of micellar DPC.
Sub-micellar concentrations of DPC did not give rise to any changes in
the spectrum (data not shown), conﬁrming that the interaction was
micelle-speciﬁc. However, in contrast with previous studies using
hexadecylphosphocholine (HDPC) [22], the loss of peak intensity that
occurred upon introduction of DPC micelles occurred to a similar
extent for all peaks in the spectrum, with no region of the CytD
showing evidence for a preferential interaction with this detergent. In
addition, at higher concentrations of micellar DPC a new series of
peaks appeared in the central part of the spectrum that was
characteristic of an unfolded protein (Fig. 5B). Only these peaks
from the unfolded species were visible in the spectrum once the
micelle:protein ratio was ∼1:1 or greater. Therefore, although these
results conﬁrmed that the isolated CytD domain has a tendency to
interact with phosphocholine-type detergent micelles, the NMR
spectral changes suggest that this interaction is denaturing.
A similar type of denaturing interaction was also observed for
micelles formed by the anionic lysolipid LPPG, with complete
conversion into the unfolded form being observed when the
micelle:CytD ratio was ∼1:4 (data not shown). Again it was not
possible to identify the regions of the CytD that might have a
preferential association with this detergent, since all regions of the
protein showed similar peak intensity reductions at early stages of the
titration. These results indicate that denaturing CytD–micelle inter-
actions are not speciﬁc for the phosphocholine headgroup. More
signiﬁcantly, since these same detergents give rise to NMR spectra for
the full-length protein that show attenuated signals for the CytD (Fig.
3B and D), this denaturing interaction with the CytD may partly
explain the low function observed for paGlpG solubilized in these
detergents. Although the detergent concentrations in the full-length
samples were too low to permit direct visualization of amide
Fig. 3. 1H-15N HSQC spectra of full-length paGlpG puriﬁed in (A) DDM, (B) DPC, (C) LMPC and (D) LPPG. All spectra were recorded at pH 7.3, 15 °C and levels were adjusted to account
for differences in protein concentration (0.36–0.44 mM).
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peak for paGlpG in DPC at ∼10.6 ppm is split into two distinct
populations (Fig. 3B), exactly as was seen at lower DPC:protein ratios
for the isolated CytD (Fig. 5A), suggesting a similar type of interaction
occurs for the CytD in full-length rhomboid. According to this
scenario, interactions between the free CytD and its TMD would be
hindered due to the close proximity of the denaturing detergent
micelle that is solubilizing the TMD.
Distinct from the lysolipid and DPC results, when DDMwas added
to solutions containing the CytD, no chemical shift changes wereFig. 4. The assigned 1H-15N HSQC spectrum of the CytD (red), superimposed on that
from full-length paGlpG solubilized in LMPC (black), recorded at pH 7.3, 15 °C. Peaks
arising from the unstructured C-terminal region of the protein with ambiguous
assignments are indicated with asterisks.detected over a wide range of detergent concentrations (data not
shown). In addition, peak intensities were not attenuated, but
remained constant for all residues in the spectrum at all tested
concentrations of DDM. These results show that there is no interaction
between the CytD and micelles formed by the detergent that retains
the highest levels of rhomboid activity, demonstrating that CytD
interactions with the membrane-mimetic environment are not
required for a high level of paGlpG activity.3.5. Does the CytD bind lipid bilayers?
Although our data to this point indicated that CytD interactions
with detergent micelles do not promote rhomboid activity, it did not
rule out the possibility that CytD speciﬁcally binds to more native-like
phopholipid bilayers. To investigate this possibility, spectra were
acquired for the CytD in the presence and absence of the same bicellar
media that were used for the activity assays with full-length paGlpG.
For both DHPC and CHAPS bicelles made with DMPC, a subset of
residues showed changes in chemical shifts that increased with
increasing bicelle concentrations up to ∼10 mM, characteristic of a
system undergoing fast exchange (Fig. 6). Shift changes incurred upon
addition of either type of bicelle to a ﬁnal concentration of ∼40 mM
(2% w/v) showed a similar pattern for both bicelle types, with the
magnitude of the shifts generally being larger for the CHAPS bicelles
(Supplemental Fig. S3). When residues showing the most signiﬁcant
shift changes were mapped onto the structure of the CytD, they
localized to the same regions of the structure for both bicelle types,
namely, surface-exposed residues in α2, residues in the ﬂexible
region C-terminal to this helix and in an adjacent loop between α1
and β2 (Fig. 6). This region of the CytD is distinct from the β-sheet that
was proposed to be important for nucleating interactions with HDPC
micelles [22].
Fig. 5. 1H-15N HSQC spectra of a 175 μM solution of the CytD in the absence of detergent
(black) superimposed with spectra obtained in the presence of DPC at a concentration
of (A) 60 mM (red) or (B) 250 mM (blue).
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known to exist in equilibrium with bicelles, we then investigated the
possibility that the observed shifts with bicelles arose from interac-
tions with the detergent monomers. As shown in Fig. 6, spectra that
strongly resembled those acquired in the presence of bicelles were
obtained just through the addition of 6 mM DHPC or CHAPS. The
concentration of submicellar detergent giving rise to these chemical
shifts is comparable to previous estimates of themonomeric detergent
concentrations that exist in solution with a 40 mM DHPC/DMPC or
CHAPS/DMPC bicelle solution (∼7 mM [41] and 4–10 mM [42],
respectively). In addition, similar spectra were obtained for the CytD
in the presence of 10 and 40mM bicelles, which would be expected to
have comparable amounts of free detergent in each solution. Taken
together, these results demonstrate that the shifts induced by the
bicelle solutions arise from an interactionwith free short chain lipid or
CHAPS detergent and not with the bicelles themselves.
To test CytD membrane-binding afﬁnity without the complication
of additional interactions with free detergent, spectra of labeled CytD
were also recorded in the presence of liposomes prepared from 2%
(w/v) total E. coli lipid extracts. As shown in Fig. 6, the spectrum
acquired in the presence of small unilamellar vesicles is superimpos-
able with the lipid-free spectrum of the CytD, with no attenuation of
signal intensity as would be expected from an interaction with lipid
vesicles. Identical results were also obtained with large unilamellar
vesicles, a bilayer medium that is closer to native conditions in
structure due to the absence of signiﬁcant membrane curvature [43].
This demonstrates that the CytD from paGlpG does not have an
intrinsic afﬁnity to bind lipid membranes and must therefore increase
paGlpG activity via an alternate mechanism.4. Discussion
4.1. Inﬂuence of various membrane-mimetic media on paGlpG structure
and function
In the current study we have shown that it is possible to purify
paGlpG in a range of membrane-mimetic environments that can, to
varying degrees, support in vitro proteolytic activity against a fusion
protein containing a central Spitz TM segment. Previous studies had
only tested paGlpG activity in Triton X-100-solubilized crude
membrane preparations against a model Spitz substrate produced
by in vitro translation [23]. Since we were interested in comparing
rhomboid activity for paGlpG in a range of detergent conditions we
chose to adopt an assay that had previously been developed for
ecGlpG [24] that allows a fusion protein substrate to be puriﬁed in the
same range of detergent media. Although cleavage of this substrate is
slower than rates obtained with ecGlpG using shorter substrates,
cleavage rates in our study were similar to those obtained for ecGlpG
in DDM against the same fusion protein containing a different TM
segment [14,24]. The relatively slow cleavage rates are also in accord
with previous observations with ecGlpG that shorter substrates are
cleaved more efﬁciently [23], raising the possibility that larger
aqueous domains can impede approach and/or entry of the substrate
TM segment into the active site.
Results from the functional assay showed that DDM was the best
detergent for preserving a functional state for paGlpG, exceeding the
activity obtained with NG, a detergent that had been used for
crystallization of the ecGlpG core domain. Nonetheless, the lower
activity we obtained in NG is similar to previous observations using
the Spitz-cleaving rhomboid YqpG from B. subtilitis [29], indicating
that the longer alkyl chain and/or the larger polar headgroup of DDM
are important for maintaining a folded, functional state. In contrast,
very low or no activity was observed in our assay when paGlpG was
puriﬁed in ionic or zwitterionic detergents that have been successfully
used for solution NMR studies on smaller membrane proteins. NMR
spectra of these samples indicate that the CytD did not tumble
together with the main body of the protein–detergent complex,
suggesting that destabilizing interactions between the CytD and these
detergents could have disrupted a functionally important association
with the complex. In DPC this effect seemed to be most severe, since
no rhomboid activity could be detected, while some peaks from the
unfolded CytD appear in the NMR spectrum.
This was the ﬁrst study to incorporate a functional rhomboid
protease into a bicelle medium, although reconstitution into lipid
vesicles has been performed in the past [29,44]. Those studies
indicated that, for some rhomboids, lipids may be required to
preserve an active conformation [29]. However in the case of
ecGlpG, activity against a model substrate was lower in most lipid
vesicle types tested, and virtually absent in E. coli phospholipid
vesicles. It is possible that paGlpG activity against a transmembrane
substrate is also lower in the more constrained environment of a
native lipid bilayer; however, interactions with free detergent
molecules in the bicelle solution could also explain the apparent
reduction in paGlpG protease activity. In fact, interactions between
bicelle-reconstituted membrane proteins and free detergent may be a
more frequent occurrence than previously appreciated, particularly if
hydrophobic mismatch exposes TM helix ends to the aqueous phase.
For example, diacyl glycerol kinase (DAGK), a 3-TM helix trimer, may
have been inﬂuenced by these types of interactions when recon-
stituted in DMPC bicelles since its activity was lower than that in
DMPC vesicles, or in bicelles composed of phospholipids with longer
acyl chains [38]. In the case of paGlpG, the potential for CytD
interactions with the signiﬁcant amount of free detergent that exists
in these solutions indicates that small bicelles are probably not
suitable for functional and structural studies of the full-length
rhomboid.
Fig. 6. (A) 1H-15N HSQC spectra of a 350 μM solution of the CytD with no additive (black) superimposed with the spectrum acquired in the presence of 6 mM CHAPS detergent
(orange) or 2% (w/v) CHAPS/DMPC bicelles (blue). Amagniﬁed portion of the spectrum is shown as an inset to illustrate the similarity between detergent and bicelle spectra. The pH
of this solution was set to 7.2 to allow additional peaks from the unstructured C-terminal parts of the protein to also bemonitored. (B) Average amide chemical shift differences (Δδ)
measured for the CytD upon addition of either 6 mM DHPC detergent (orange) or 2% (w/v) DHPC/DMCP bicelles (blue) displayed as a function of residue number. (C) Residues
experiencing the largest average amide shift changes upon addition of 2% (w/v) DMPC bicelles made with CHAPS or DHPC, mapped onto the CytD structure. Red side chains are
shown for residues with shift changes that are larger than the average plus one standard deviation calculated for all observable residues, and pink side chains for residues with shift
changes larger than the average plus one standard deviation calculated without the residues shown in red. (D) 1H-15N HSQC spectra of a 240 μM sample in the absence (black) or
presence (green) of 2% (w/v) small unilamellar vesicles made with E. coli phospholipids. A magniﬁed portion of this spectrum is also shown in the inset.
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Previous experiments with the CytD in HDPC detergent showed
selective attenuation of amide HSQC peaks for a protein:detergent
molar ratio of 1:40, a result that we have duplicated with our own
materials and sample conditions (data not shown). Peak intensities
from residues in the β-sheet showed the largest intensity decreases,
leading to the assignment of this region as a membrane-binding site
[22]. Since many of the side chains from these residues are not solvent
accessible, and some side chain amides from buried residues also
showed attenuation, it was proposed that a signiﬁcant conformational
change in the CytD was required for micelle binding. However, the
nature of this conformational transition was not possible to assess by
NMR in HDPC since saturating conditions completely attenuate all
peaks from the free species but do not give rise to observable
resonances from the bound species (data not shown). In contrast,
titrations done with DPC and LPPG titrations do allow peaks to be
observed for the detergent-bound state and indicate that this
conformational change is likely to be unfolding. This idea is
substantiated by the identiﬁcation of slow-exchange timescaledynamics for the same part of the protein [22] that could reﬂect an
equilibrium between folded and unfolded states. This equilibrium
appears to be shifted toward the unfolded state through interactions
with HDPC, with an even larger effect arising from interactions with
DPC or LPPG micelles. The Trp41 indole amide peak in corresponding
HSQC spectra also provides evidence that interactions with these
detergents similarly perturb the folding state of the CytD, since the
chemical shift change induced by HDPC binding is comparable to that
seen with LPPG and DPC. Altogether the data indicate that the CytD β-
sheet is a conformationally dynamic region that does not comprise a
micelle-binding surface itself, but instead is just one part of the protein
that binds to the micelle in a denaturing interaction. It is unlikely that
this interaction is physiologically relevant, especially since the
isolated CytD did not bind DMPC bicelles or E. coli lipid vesicles.
Instead, it appears that the loose packing of micellar detergent
facilitates interactions with the small population of unfolded CytD,
while closer packing interactions between lipid molecules in the lipid
bilayer are enough to restrict access to the hydrophobic core.
Given that the CytD does not have an intrinsic afﬁnity for DDM
micelles or phospholipid bilayers, it is interesting that CytD signals from
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raises the possibility that either (1) dynamic processes are occurring on
a timescale that is unfavorable for NMR (i.e., μs to ms) or (2) the CytD is
interactingwith someother part of the rhomboid that is anchored to the
micelle. The ﬁrst scenario is less likely since the high quality of the 1H-
15N HSQC spectrum obtained with the isolated CytD indicates that this
domain does not have an intrinsic tendency to undergo spectroscop-
ically unfavorable conformational exchange processes. Moreover,
previous relaxation studies on the isolated CytD showed that only a
small number of residues undergo millisecond to microsecond
timescale dynamics [22]. Therefore it is more likely that the absence
of signals from the CytD in NMR spectra of functional samples of full-
length paGlpG can be attributed to interactions between the CytD and
some other part of the protein in away thatwould anchor it to the large
detergent–protein complex and/or alter its dynamic properties.
The CytD interaction appears to be functionally relevant since, as
we have shown with the model Spitz substrate, deletion of the CytD
from paGlpG reduces in vitro activity in DDM. This result is in
agreement with previous observations with the TMD from E. coli
GlpG, which was shown to have signiﬁcantly reduced activity against
a water-soluble casein substrate compared to the full-length protein
[15]. While this lower activity might be explained by the loss of a
substrate-binding function for the CytD, only the TM segment from
Spitz was included in the model substrate used in our assay, which
may not be accessible for binding by the CytD. Also, the water-soluble
substrate used with ecGlpG bore no resemblance to typical rhomboid
substrates, making it unlikely that this substrate would be bound by
the CytD. Therefore the CytD may enhance catalysis by altering the
structure and/or stability of the core catalytic domain, a function that
would bemost straightforwardly achieved through direct interactions
between the CytD and some part(s) of the TMD.
Potential regions of the TMD that could be involved in catalytically
important CytD interactions include cytoplasmic loops linking TM
helices 2 and 3 and/or 4 and 5. The latter loop is particularly inte-
resting given its proximity to TM helix 5, a region that has displayed
conformational variability in different crystal structures and has been
postulated to be important for gating substrate entry into the active
site [16,45]. In addition to these loops, some TM helix ends could also
serve as docking points for the CytD, since analysis of a recent high
resolution ecGlpG structure indicated that the thickness of the
hydrophobic core of the lipid bilayer surrounding the rhomboid
may be only 20 Å [14]. If that were the case then a signiﬁcant part of
the C-terminal sides of the 2nd, 4th and 6th TM helices would be
exposed to the aqueous phase, providing a larger potential surface for
docking. Clearly, experimental evidence will be required to delineate
the interaction site and elucidate the mechanism by which the CytD
enhances rhomboid activity, an undertaking that is currently
underway in our lab. These results should provide a new view into
the regulation of GlpG activity, as well as some of the other families of
rhomboids that possess regulatory extramembranous domains.
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